The in vitro micronucleus (MN) assay is often used to evaluate cytotoxicity and genotoxicity but scoring the assay via manual microscopy is laborious and introduces uncertainty in results due to variability between scorers. To remedy this, automated slide-scanning microscopy as well as conventional flow cytometry methods have been introduced in an attempt to remove scorer bias and improve throughput. However, these methods have their own inherent limitations such as inability to visualize the cytoplasm of the cell and the lack of visual MN verification or image data storage with flow cytometry. Multispectral Imaging Flow Cytometry (MIFC) has the potential to overcome these limitations. MIFC combines the high resolution fluorescent imagery of microscopy with the statistical robustness and speed of conventional flow cytometry. In addition, all collected imagery can be stored in dose-specific files. This paper describes the protocol developed to perform a fully automated version of the MN assay on MIFC. Human lymphoblastoid TK6 cells were enlarged using a hypotonic solution (75 mM KCl), fixed with 4% formalin and the nuclear content was stained with Hoechst 33342. All samples were run in suspension on the MIFC, permitting acquisition of high resolution images of all key events required for the assay (e.g. binucleated cells with and without MN as well as mononucleated and polynucleated cells). Images were automatically identified, categorized and enumerated in the MIFC data analysis software, allowing for automated scoring of both cytotoxicity and genotoxicity. Results demonstrate that using MIFC to perform the in vitro MN assay allows statistically significant increases in MN frequency to be detected at several different levels of cytotoxicity when compared to solvent controls following exposure of TK6 cells to Mitomycin C and Colchicine, and that no significant increases in MN frequency are observed following exposure to Mannitol.
Introduction
The in vitro micronucleus (MN) assay is a commonly used test to assess cytotoxicity and genotoxicity as a screening tool in several fields of study such as chemical and pharmaceutical development as well as human biomonitoring among individuals exposed to various environmental, occupational or lifestyle factors 1, 2, 3 . MN consist of chromosome fragments or whole chromosomes generated during cell division that are not incorporated into one of the two main daughter nuclei. Following telophase, this chromosomal material forms into an individual, rounded body inside the cytoplasm that is separate from either of the main nuclei 2 . Therefore, MN are representative of DNA damage and have been used for many years as an endpoint in genotoxicity testing 4 . The most appropriate method to measure MN is the cytokinesis-block micronucleus (CBMN) assay. Using the CBMN assay, the frequency of MN in binucleated cells (BNCs) can be scored by incorporating Cytochalasin B (Cyt-B) into the sample. Cyt-B allows nuclear division but prevents cellular division and thus, restricts scoring of MN to BNCs that have divided only once 5 . Protocols using both microscopy and flow cytometry have been developed and validated and are routinely used to perform the in vitro MN assay 6, 7, 8, 9, 10, 11, 12, 13, 14 . Microscopy benefits from being able to visually confirm that MN are legitimate but is time consuming and prone to variability between scorers 15 . To address this, automated microscopy methods were developed to scan slides and capture images of nuclei and MN . For the TK6 cells used in this work, the recovery time was 24 h. NOTE: The doubling time of the TK6 cells used here was 15 h and a recovery time of 24 h (1.6 doubling times) was used. Recovery times less than 1.5 doubling times will reduce proliferation in samples exposed to higher doses impacting the number of BNCs. Conversely, recovery times of more than 2.0 will produce a disproportionate number of polynucleated cells in control samples, skewing cytotoxicity calculations. Table of Materials) 1 . Prepare 75 mM of potassium chloride (KCl) by adding 2.79 g to 500 mL of ultrapure water. Stir the solution for 5 min using a magnetic stirrer and sterile filter through a 200 µm filter. The 75 mM KCl solution can be stored at 4 °C for several months. 2. Prepare a sufficient amount of 4% formalin for the experiment, anticipating that a total of 2.1 mL must be added to each sample. For example, to prepare 10 mL of 4% formalin, add 4 mL of 10% formalin stock to 6 mL of 1x Dulbecco's Phosphate-Buffered Saline solution without Ca 2+ or Mg 2+ (PBS). This 4% formalin can be stored at room temperature for several weeks.
Preparation of buffers for fixation and labeling of DNA content (see
3. Prepare 510 mL of wash buffer (2% FBS in 1X PBS) by adding 10 mL of FBS to a 500 mL bottle of 1x PBS. 4. Prepare 10 mL of a 100 µg/mL concentration of Hoechst 33342 by adding 100 µL of the stock concentration (1 mg/mL) to 9,900 µL of 1X PBS. The Hoechst 33342 solution can be stored at 4 °C for several months.
5. Sample processing: hypotonic swelling, fixation, cell counting and labeling DNA content 1 . At the end of the recovery period, remove all flasks from the incubator and transfer all samples to 15 mL polypropylene tubes. Centrifuge all samples at 200 x g for 8 min. 2. Aspirate the supernatant, resuspend the cells and add 5 mL of 75 mM KCl. Mix gently by inversion three times and incubate at 4 °C for 7 min. 3. Add 2 mL of 4% formalin to each sample, mix gently by inversion three times and incubate at 4 °C for 10 min. This step acts as a "soft fixation". 4. Centrifuge all samples at 200 x g for 8 min. Aspirate the supernatant and resuspend in 100 µL of 4% formalin for 20 min. This step acts as a "hard fixation". 5. Add 5 mL of wash buffer and centrifuge at 200 x g for 8 min. Aspirate the supernatant and resuspend in 100 µL of wash buffer. 6. Transfer all samples to 1.5 mL microcentrifuge tubes. 7. Perform a cell count on each sample to determine the number of cells per sample. Samples will be highly concentrated so a 1:100 dilution in 1x PBS (10 µL of sample in 990 µL of PBS) will likely be required to obtain an accurate count. NOTE: At this point it is best to perform cell counts using a hemocytometer. Adding KCl gives the cytoplasm a translucent appearance, making it difficult for automated cell counters to recognize them. Also, automated counters have difficulty scoring polynucleated cells due to their size. 8. If not running the samples on the MIFC immediately, they can be stored at 4 °C for several days. When ready to run samples, add 5 µL of 100 µg/mL per 1x10 6 cells/mL to each sample. Also add 10 µL of 500 µg/mL of RNase per 100 µL of sample for a final concentration of 50 µg/mL.
Incubate the samples at 37 °C, 5% CO 2 for 30 min. 9. Micro-centrifuge all samples at 200 x g for 8 min and use a pipette to remove the supernatant leaving ~30 μL. Use a pipette to resuspend all samples before running on the MIFC ensuring there are no bubbles in the tube. Do not vortex.
Starting and calibrating the MIFC
1. Ensure the sheath, system calibration reagent, debubbler, cleanser and sterilizer containers are full and the waste tank is empty. Power up the system and double-click on the MIFC software icon. Click the Startup button and make sure that the Start all calibrations and tests checkbox is checked. This will flush the system, load sheath and system calibration reagents, and calibrate the system (see Table of Materials).
Running samples on the MIFC
NOTE: This section assumes the use of a 2 camera MIFC. If using a 1 camera MIFC, please see Supplement 1 -Full Protocol, section 7 for the creation of plots during acquisition 1. Launch the MIFC data acquisition software (see Table of Materials). Figure 1 shows the instrument settings. Turn on the 405 nm laser and set the laser power to 10 mW (A). Disable all other lasers (including SSC) and set the BF to channels 1 and 9 (B). Confirm that the magnification slider is set to 60x (C), high-sensitivity mode is selected (D), and that only channels 1, 7, and 9 are showing in the image gallery. 2. Click on the Scatterplot icon. Select the All population and select Area M01 on the X-axis and Aspect Ratio M01 on the Y-axis. Click on the Square Region icon and draw a region around the single cells. Name this region Single Cells. Right click on the plot and select Regions. Highlight the Single Cells region and change the x-coordinates to 100 and 900 and change the y-coordinates to 0.75 and 1 ( Figure 1I ). . The range may have to be adjusted depending on intensity peak on the histogram (Figure 1K ). 5. Set the acquisition parameters ( Figure 1E ). Specify the file name and the destination folder, change the number of events to 20,000, and select the DNA-positive population. 6. Click Load ( Figure 1F ) and place the control sample into the MIFC. Click the Acquire button to collect the data ( Figure 1G ). Once the acquisition is complete, click the Return button to return the sample ( Figure 1H ). Remove the sample tube from the instrument. Repeat this process for all remaining samples in the experiment. These templates only work with a 2 camera MIFC with BF set to channels 1 and 9 and nuclear imagery in channel 7 during acquisition. 3. By default, the .cif and .daf file names are automatically generated to match the .rif. It is not recommended to change the names of the .cif and .daf. Click Next. Set the image display properties by selecting the 01 and 07. Click Next. There is no wizard for this application, so click Finish. It is very important to save the data analysis file (.daf) and the analysis template (.ast) often during sections 9-14 to avoid loss of progress. 3. Create the BNC mask (steps 9.3.1-9.3.5) to identify cells that contain only two nuclei. 1. Browse for a BNC in the image gallery and click on it. This is to visualize creation of the mask in the Hoechst channel. 
Opening a data file in IDEAS

Creating masks and features to identify BNCs
Representative Results
The analysis method outlined in this paper allows for the automatic identification and scoring of BNCs, with and without MN, to calculate genotoxicity. In addition, MONO and POLY cells are also automatically identified and scored to calculate cytotoxicity. Published scoring criteria 6,34 that must be adhered to when scoring these events are implemented in the MIFC data analysis software. The results presented here indicate that statistically significant increases in MN frequency with increasing cytotoxicity can be detected following exposure of human lymphoblastoid TK6 cells to well-known MN inducing chemicals (Mitomycin C and Colchicine). Similar results for additional chemicals tested have been demonstrated in a separate publication 32 . In addition, results from the use of Mannitol show that non-MN inducing chemicals can also be correctly identified using the MIFC method outlined here. The parameters described in the protocol to create all masks, features and region boundaries will likely have to be adjusted if different cell types (e.g. Chinese Hamster cells) are used to perform the assay. (Figure 3A-3D) . Shown here is a histogram that enables selection of cells with two nuclei (Figure 3A) and bivariate plots that enable the selection of BNCs with similar circularity (Figure 3B) , similar areas and intensities ( Figure 3C ) and BNCs that have well-separated, non-overlapping nuclei ( Figure 3D ) as per the scoring critieria 6, 34 . Figure 3E shows the BF and Hoechst images as well as the BNC and MN masks indicating that BNCs with single or multiple MN can be identified and enumerated. This allows genotoxicity to be calculated by determining the rate of micronucleated BNCs in the final BNC population. Figure 4 shows the application of the Spot Count feature using the POLY mask to identify MONO, TRI and QUAD cells. The number of TRI and QUAD cells can then be summed to obtain the final number of POLY cells ( Table 1) . This enables cytotoxicity to be calculated by using the formula shown in the protocol. Therefore, each dose point in the experiment can be evaluated by both genotoxicity and cytotoxicity parameters. Figure 5 shows genotoxicity and cytotoxicity values for the aneugen Colchicine, the clastogen Mitomycin C and for a negative control, Mannitol. For Colchicine (Figure 5A ) the 0.02 through 0.05 μg/mL doses produced statistically significant increases in MN frequency, ranging from 1.28% to 2.44% respectively over the solvent control ( Table 1 ). In the case of Mitomycin C ( Figure 5B ) the two top doses of 0.4 and 0.5 μg/ mL produced statistically significant MN frequencies when compared to solvent controls. These MN frequencies were 0.93% at 0.4 μg/mL and 1.02% at 0.5 μg/mL ( Table 2) . Finally, for Mannitol (Figure 5C ), no doses tested induce a cytotoxicity over 30%, nor did they produce significant increases in MN frequency when compared to solvent controls, as expected ( Table 3 ). 
Discussion
In a recent publication Verma et al. underscored the importance of developing a system that combines the high-throughput advantage of flow cytometry with the data and image storage benefits of image analysis 35 . The MIFC in vitro MN assay described in this paper satisfies this quotation and has the potential to overcome many of the aforementioned challenges in microscopy and flow cytometry methods. The protocol described here demonstrates that both cytotoxicity and genotoxicity can be evaluated using MIFC. Sample preparation, cellular staining and data collection are straightforward but there are some critical steps in the protocol that should always be implemented. Addition of potassium chloride (KCl) to the cells is critical to swell the cells, generating separation between the main nuclei. This ensures that the masking algorithm can identify all individual nuclei in BNCs and POLY cells (POLY cells) which is necessary for their enumeration. Additionally, KCL provides separation between nuclei and MN, which is essential for accurate MN masking and quantitation. Furthermore, the use of Formalin following the addition of KCl prevents cells from lysing during centrifugation. The addition of Cytochalasin B causes TK6 cells that have undergone more than one nuclear division to be quite large. As a result, the cytoplasm becomes fragile and can lyse if centrifugation is performed immediately after the addition of KCl. Moreover, it is very important to introduce Hoechst to the sample according to number of cells in the sample and not according to a final concentration. For example, a final concentration of 10 µg/mL of Hoechst will uniformly stain a sample of 1 x 10 6 cells but may not adequately stain a sample containing 5 x 10 6 cells and can result in many cells with dimly stained nuclei, making analysis difficult. It is also important to note that Hoechst can be replaced with another DNA dye such as DAPI if the MIFC is equipped with the 405 nm excitation laser or DRAQ5 if the MIFC is equipped with the 488 nm and/or 642nm excitation laser(s). If modifying the nuclear stain, it is critical to titrate the stain in order to find the appropriate concentration for the required/desired laser power.
When collecting data on the MIFC it is important to determine the optimal region boundaries for the Gradient RMS features. The boundaries presented in this protocol may require adjustment due to some slight variations between MIFC instruments. The application of this feature during data collection is essential to ensure that highly focused imagery is captured. If data files contain many blurred or unfocused images, it is probable that the masking algorithms in the analysis software will incorrectly highlight staining artifacts in the blurred areas, leading to a high number of false positive artifacts being scored as MN. Although the image processing techniques described here can be difficult, once an analysis template has been developed in the MIFC software, batch processing allows for data files to be automatically analyzed, eliminating user intervention and therefore, scorer bias. Also, if a cell line other than TK6 cells are used to perform the assay, it will be necessary to modify the masks and region boundaries as the morphological properties (e.g., size) of cells will differ from those of TK6 cells.
The results presented here ( Figure 5) show statistically significant increases in MN induction when exposing TK6 cells to various doses of Mitomycin C and Colchicine. Statistically significant increases in the frequency of MN when compared to solvent controls were observed for several doses in both chemicals. In addition, no dose of Mannitol induced a cytotoxicity over 30%, nor a statistically significant increase in the frequency of MN when compared to solvent controls, as expected. The protocol described in this paper using MIFC to perform the in vitro MN assay gives expected results from both positive and negative control chemicals. It is very important to perform a number of experiments using both solvent controls and negative control chemicals to develop baseline values of both the frequency of MN as well as the Cytokinesis Block Proliferation Index (CBPI). For genotoxicity, statistically significant increases in MN frequency are determined through comparison to baseline MN frequencies which must be well-known for the cell type being used. In addition all cytotoxicity calculations are based on the CBPI of the control samples and therefore, baseline rates of MONO, BNCs and POLY cells must be well quantified in controls.
Several limitations and advantages of using MIFC in the context of the MN assay have been described in previous work 29, 32 . The main limitations concern lower MN frequencies when compared to microscopy, which probably results from both the lack of flexibility when implementing the scoring criteria in the analysis software as well as the limited depth of field of the MIFC. Well-contoured masks can be created to accurately identify the main nuclei but MN that are touching (or very close to) the main nuclei might be captured within the BNC mask. Additionally, very small MN that can be rather easily scored using microscopy are probably incorrectly missed when using MIFC due the lower limit on the area parameter of the MN mask to avoid scoring small artifacts. In addition to the difficulties present in image-based data analysis, due to its design, MIFC obtains two dimensional projection images of three dimensional cellular objects. This likely causes some MN to be captured at a different depth of focus that the two main MN, making them appear very dim and un-scorable using masking. Moreover, a small fraction of MN could reside behind one of the two main nuclei, making them impossible to visualize and score. Therefore, considering these difficulties, caution should be used when interpreting significant increases in MN frequency at low doses.
Despite these shortcomings, the MIFC method described here offers several advantages over other techniques. Fenech et al. proposed criteria and guidelines that should be considered when developing automated systems and methodologies for MN assays 36 . These include, but are not limited to, direct visualization of the main nuclei and cytoplasm, determination of the frequency of MN from various doses of the chemical or agent being tested and the ability to quantitate morphology and determine the position of all nuclei and MN to ensure they are within the cytoplasm. This paper shows that the MIFC method developed to perform the in vitro MN assay satisfies (or possesses the potential to satisfy) these criteria. Specifically, images of the nuclei and MN can be captured by the fluorescent lasers while cytoplasmic imagery can be obtained by using the BF LED. Imagery of cells with normal nuclear morphology can be automatically differentiated from those cells with irregular morphology using a combination of advanced masks and features. The results presented for Colchicine and Mitomycin C (Figure 5) show that both genotoxicity and cytotoxicity can be assessed at various doses when compared to solvent controls and that statistically significant MN frequencies are observed where expected. Furthermore, the OECD Test Guideline 487 recommends scoring 2,000 BNCs per test concentration to assess the presence of MN to determine genotoxicity along with at least 500 cells per test concentration to determine cytotoxicity 9 ; this can take over 1 h using manual microscopy. The protocol and results in this paper show that an average of about 6,000 BNCs, 16,000 MONO cells, and 800 POLY cells were captured and scored per test concentration in about 20 min. The rapid rate of data acquisition and the high numbers of candidate cells scored in such a short time highlight another important advantage of employing MIFC to perform the in vitro MN assay.
While the results presented in this paper are encouraging, they are representative of an early proof-of-concept method. This work should be followed up by more thorough investigation of a larger, more diverse chemical set that covers multiple classes and mechanisms of genotoxicity and cytotoxicity such as those suggested by Kirkland et al. 37 Conducting such studies are time consuming and labor intensive, and fall outside of the scope of this paper however, these larger scale studies will provide valuable insight into the ability of the method to reliably identify weakly genotoxic agents. The methodology presented here has not yet been miniaturized to a microwell format, which would allow more rapid and efficient screening across a larger dose range. As such, in its current form, the MIFC-based in vitro MN assay presented here may be best suited for labor-intensive follow-up studies or research into good laboratory practices. However, the method will continue to be optimized and validated, and possesses the potential to allow for increased flexibility in detecting chemical specific events related to morphology, such as aneugen exposure that increases the proportion of cells with non-circular nuclei that are still scorable 38 . Finally, the MIFC method presents an opportunity to introduce additional biomarkers into the MN assay (e.g. kinetochore staining) to provide a more comprehensive view of the mechanism of MN induction.
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